Numerous approaches for provenance analysis in foods have already been reported. Methods are often based on multi-elemental signatures (5) (6) (7) (8) (9) (10) , isotope ratios of elements, or some combination of multi-elemental signatures and isotope ratios (11) (12) (13) , or on organic compound characteristics coupled with chemometrics (14) (15) (16) . Commonly, trace elements in foods are determined using inductively coupled plasma-atomic emission spectrometry/mass spectrometry (ICP-AES/MS), which allows simultaneous analysis of different multielements. However, analytical sample preparation for ICP-AES/MS includes acid digestion, which requires a chemical laboratory with a liquid-waste treatment facility. Moreover, analysis requires a skilled analyst experienced with sample processing, required chemicals, and equipment (17) .
In this study, an energy dispersive-X ray fluorescence (ED-XRF) spectrometer was used for analysis of multi-elements and discrimination of the geographic origin of sesame seeds. ED-XRF spectrometers can be used for direct analysis of solid samples with a multi-elemental capability, a wide dynamic range, high throughput, and a low cost per determination without previous chemical treatment (18) .
A near infrared (NIR) spectroscope as well as ED-XRF was used for non-destructive discrimination of sesame seed origins. Application of NIR spectroscopy allows analysis without previous chemical or physical treatments and has attracted considerable attention for discrimination between sets of similar biological materials. In the framework of discrimination of geographical origins, this method has already been successfully used for discrimination of the geographical origins of pistachio (14) , Chinese medicine (16, 19) , virgin olive oil (15, 20) and Torreya grandis seeds (21) .
The aim of this study was investigation of using ED-XRF and NIR spectrometry coupled with chemometric classification methods to perform rapid, relatively cheap, and nondestructive analysis for discrimination of the geographical origins of sesame seeds.
Materials and Methods
Analytical sample preparation Korean (n=52), Chinese (n=48), and Indian (n=23) sesame seeds were purchased from local grocery stores and from sesame seed oil manufacturers in Seoul, Korea in 2014. A total of 123 seed samples were randomly divided into a calibration group and a validation group. A total of 113 seed samples were used for creation of discriminant calibration models and 10 seed samples consisting of 4 Korean, 4 Chinese, and 2 Indian were used for model validation. All sesame seeds were unprocessed and used in original shapes, which were long and round of 2 mmx5 mm size. Seed samples were densely packed into 30 mm diameter plastic XRF sample cells (Chemplex, Palm City, FL, USA) with a 4 µm thick prolene film (Chemplex) and 12 mm diameter NIR sample cells (Thermo Fisher Scientific, Waltham, MA, USA). Cell lids were closed and sample cells were placed on spectrometer sample holders.
Multi-elemental XRF determination The NEX-CG spectrometer used in this study was from Applied Rigaku Technologies, Inc. (Austin, TX, USA) with an energy-dispersive XRF equipped with a 50 W power palladium X-ray tube, 4 secondary targets of RX9, Cu, Mo, and Al, an air-cooled end window, and a PC based multi-channel analyzer (MCA). The X-ray tube, the secondary target, and all analytical samples had triaxial geometry for analysis under a vacuum of <50 Pa.
In general, quantitative analysis is carried out using the calibrationcurve method. However, it is difficult to obtain sufficient certified standards with matrices similar to study materials. In this study, standard-less quantitative procedures based on use of mathematical algorithms were used. The fundamental parameter (FP) method is a mathematical method that relates a spectrometer response to pure elements as a means for prediction of the fluorescence intensity for a given matrix composition. This methodology, therefore, can be used to obtain elemental compositions, even if standards are not available. In a general way, the relative precision and accuracy of results using this quantitative method are usually better than 5-10% (21, 22) . Marques et al. (18) used the FP method for quantification of multielements in vegetations. FP analysis is available using the discrimination method for geographical origins because multi-elemental contents were compared among groups. The 11 abundant elements Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Cu that were identified in amounts greater than the limit of quantitation were selected for use after 56 elements in sesame seeds were analyzed using ED-XRF.
Statistical multi-elemental analysis Discriminant analysis (DA), a form of multivariate statistical analysis has been frequently applied for determination of geographical origins of foodstuffs based on multi-elemental data (10, 12, 17, 23) . Multi-elemental concentrations of sesame seeds were reported as mean values of triplicate measurements. A one-way analysis of variance (ANOVA) was performed for determination of differences between sesame seeds from Korea, China, and India at p<0.05. Discriminant analysis was performed following the stepwise method and 3 linear Fisher's functions generated in 3 geographical origins respectively and were used for discrimination of unknown samples (24, 25) . All statistical analyses were conducted using IBM SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA).
Near Infrared Spectrometry FT-NIR spectra were scanned using Result Integration Software on an Antaris II NIR Spectrometer (Thermo Fisher Scientific) with an integrating sphere. NIR measurements were performed within the wave number region of 4,000-10,000 1/cm. Each spectrum represented an average of 32 absorbance scans and raw data were measured in 3.857 1/cm intervals, which resulted in 1,556 variables. Calibration using 113 analytical samples and validation using 10 analytical samples was performed simultaneously for discriminant analysis of sample spectra using TQ Analysis software (Thermo Fisher Scientific).
Results and Discussion
Comparison of multi-elemental compositions among Korean, Chinese, and Indian sesame seeds Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Cu multi-elemental contents of Korean, Chinese, and Indian sesame seeds are shown in Table 1 . All elements, except for Fe, showed significant (p<0.05) differences among the 3 origins. Korean seeds contained 494, 361, and 19.2 mg/kg of Al, P, and Mn, respectively and were significantly (p<0.05) higher than for seeds from the other locations. Seeds from India contained the highest levels of 2,886 mg/kg Mg, 691 mg/kg Cl, 21,004 mg/kg Ca, and 19.0 mg/kg Cu. Mg, P, and K contents of sesame seeds from China were significantly (p<0.05) lower than for seeds from the other countries. The Fe content was not significantly (p>0.05) different among the 3 origins.
Discrimination of sesame seed origin based on multi-elemental discriminant analysis Geographic origins of sesame seeds were determined using multi-elemental data in combination with discriminant analysis (DA). DA was performed on chemical analytical results for the 10 variables Mg, Al, Si, P, S, Cl, K, Ca, Mn, and Cu. The Fe content was excluded from analysis due to no significant (p>0.05) difference among the 3 origin countries based on ANOVA. Only the 7 variables Mg, Al, P, Cl, Ca, Mn, and Cu were applied to DA as a stepwise method was used. Two canonical discriminant functions were generated because 3 groups were used in the discriminant analysis method.
Coefficients of a standardized canonical discriminant function reflect the relative contribution of a discriminant variable in the context of other variables in the function. The higher the absolute value of the coefficient, the greater the degree of contribution of the variable to the discriminant function (24, 25) When a total of 113 sesame seeds were classified using discriminant scores of Functions 1 and 2, 96.5% of the 113 samples were assigned to the actual origin ( Table 2 ). All Korean sesame seeds were classified correctly and only one of 21 Indian sesame seeds was classified incorrectly as Korean. Of 44 Chinese sesame seeds, 2 were misclassified as Indian and a single seed was misclassified as Korean. The discriminant score plot shown in Fig. 1 clearly distinguishes the 3 groups, although 4 sesame seeds were misclassified (Fig. 1 ).
For validation of the discrimination model, concentrations of 7 elements obtained from analysis of 4 Korean, 4 Chinese, and 2 Indian seed samples were used as variables for Fisher's linear discriminant functions. The geographical origin of an unknown seed sample was determined based on the largest value calculated in the Fisher's linear discriminant functions using 3 origins. Origins of all 10 seed samples were correctly identified (Table 3) .
Many previous studies have effectively used combined chemical Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Cu elemental concentrations were determined at the mg/kg level when C was used as a balance for the FP method in ED-XRF.
2)a-c
Mean values show differences at p<0.05 among origins based on ANOVA. (17) reported 91.3% discrimination for soybeans using XRF in combination with discriminant and multi-elemental analysis. Herein, a higher discrimination rate than previous studies was achieved demonstrating that the discriminant model used could distinguish 3 origins using multielemental concentrations determined with XRF.
NIR spectral investigation and discrimination analysis The discriminant analysis classification technique in NIR spectroscopy can be used for classification of analytical samples based on computation of the distance from the centroid of each group to sample in Mahalanobis distance units (24) . Multiple standards and multiple spectral ranges for analysis are typically used to describe each group to be separated. It is difficult to find specific bands in raw NIR spectra based on geographical origin because there are hundreds of active ingredients in sesame seeds. Because spectra are affected by physical properties of analyzed products and other noise, it is necessary to perform mathematical processing to reduce systematic noise and to enhance the contribution of the chemical composition (16) . In this study, the secondary derivative was applied to each absorbance spectrum as a mathematical transformation for elimination of baseline drifts and enhancement of small spectral differences (16, 26, 27 NIR spectroscopy combined with chemometrics can be used for discrimination of geographical origins. For example, Lin et al. (16) reported that NIR was used to identify genuine crude Radix Pseudostellariae with a 92.5% identification rate, while Vitale et al. (14) discriminated origins of pistachio nuts using NIR spectroscopy combined with chemometric with classification accuracies of more than 90%. Woo et al. (19) reported that Korean and Chinese Angelicae gigantis Radixes samples were clearly identified with 100% accuracy using NIR combined with chemometrics. Although these studies had higher discrimination rates than reported herein, coupling of NIR spectroscopy with chemometric classification techniques in this study was shown to be a useful tool for identification of the origin of sesame seeds in a rapid, relatively cheap, and non-invasive manner. Further research is required to improve the discrimination accuracy based on analysis of more seed samples.
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